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ABSTRACT
In recent years, two-wheeled inverted pendulum vehicles realizing high mobility have been
developed. In such vehicles, an inverted pendulum control system maintains the vehicle's
stability by only using the two driving parallel wheels. Therefore, the gravity center of the
vehicle body with a passenger is higher than the wheel axis, and the vehicle is moved by
leaning the vehicle body forward or backward by moving the gravity center. However, in the
case that the vehicle is in the power-o or control-o status caused by a breakdown in the
vehicle, the stability of the vehicle cannot be maintained. The inherent mechanical instability
of the inverted pendulum vehicle is inimical to safety. Consequently, the vehicle should be
modied to provide stable support when the power supply stops or when the passenger gets
on and o the vehicle. Moreover, we are now considering such the vehicle that the passengers
focused on not only young people but else elderly and handicapped people can drive with sitting
attitude. Then, in this case, since the gravity center is lower than the standing posture, the
larger action of the passenger's upper body is required for operating the vehicle. However, the
elderly or handicapped passenger is dicult to behave the large action in the vehicle.
This paper presents an advanced parallel two-wheel vehicle that has an underslung vehicle
body. In the proposed parallel two-wheel vehicle, since large wheels which its diameter is
1.05[m] are applied, and the battery, the actuators and the controller are placed at the lower
position in the vehicle body, the gravity center of vehicle body with a passenger can be assigned
at the lower position than the wheel axis. Therefore, the vehicle has a pendular structure that
enables the vehicle body with the passenger to always maintain the stable posture, even if the
vehicle is in the power-o or control-o condition. A 2-DOF joystick that has operation in
pitching and yawing is applied to the proposed vehicle. The elderly or handicapped passenger
can operate easily and intuitively the vehicle by this joystick. Then, when the passenger sits on
the seat of the vehicle, the vehicle body is leaned by moving the gravity center of the vehicle
body with the passenger. For compensating the vehicle body leaning, the seat positioning
control system is proposed in this paper. The vehicle body's static posture lean control can
be compensated by the proposed control system. Furthermore, the proposed control system is
able to change the angle of the vehicle body in a state of stopping the vehicle. In the control
system, the control input to the servomotor system is generated by PID control, consisting of
vi
Proportional control to compensate the error between the reference angle and the pitch angle
of the vehicle body, Integral control to the integrated error, and Dierential control to the
angular velocity of the vehicle body. By moving the seat with the passenger, the posture of
the vehicle body is compensated. And, while the vehicle is driven, the vehicle body is swayed
due to the pitching oscillation by the acceleration of the vehicle driving. In order to suppress
the vehicle body's swaying, the pitch sway suppression control system with an active mass is
proposed in this paper. The proposed control system that does not use the driving force of
the wheel is possible to stabilize the sway of the vehicle body even if the wheel is xed by the
braking device. Therefore, proposed attitude control system is advantageous for the safety of
the parallel two-wheel vehicle. For designing the control system, the dynamics of the pitch
angle in relation to the vehicle's body swaying is modelled by using the Lagrange equation of
motion. Then, the control system is designed by the backstepping method.
The vehicle will be used by diverse passengers in the future. In this study, the mathematical
model of the swaying of vehicle body with passenger and its model parameters identication are
proposed. In the model parameters identication, it is claried that the model parameters of
each passenger are similar except for the passenger's mass. Furthermore, the control parameters
are independent to interference from the model parameters. Therefore, in design of the sway
suppression control to the diverse passengers, the only passenger's mass is given to the control
system. Finally, eectiveness of the proposed control system is veried by experiments using
the parallel two-wheel vehicle.
Keywords: Parallel two-wheel vehicle, Lower gravity center, Sway suppression control of vehicle
body, Active mass system, Backstepping method, Model parameters identication
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Omni-wheel Mecanum-wheel Ball wheel Active caster mechanism
Fig. 1.2 Omni-directional mobility mechanism
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Fig. 1.4 Omni-directional mobile wheelchair
Fig. 1.5 Omni-directional mobile robot
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Fig. 1.9 Several tipes of inverted pendulum type mobile robot
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(a) Illustration of two-wheels vehicle (b) Overview of two-wheels vehicle
Fig. 1.11 Two-wheels vehicle
1.3 ?????????? 9
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Verification experiments of sway suppression control .


























(a) Illustration of Proposed Novel Vehicle (b) Vehicle Overview
Seat Positioning System
Fig. 2.1 Proposed parallel two-wheel vehicle with lower gravity center of vehicle body
Table 2.1 Specication of proposed vehicle
Total weight[kg] Size[m] Max. movable load[kg]
136:7 W0:90D1:10 H1:08 100:0













Fig. 2.2 Comparison of two-wheel vehicles
forward-bending posture neutral posture backward-bending posture
Fig. 2.3 Vehicle body leaning by upper body moving
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Fig. 2.4 Control system of vehicle
Table 2.2 Specication of control system
Operating system Program language Sampling time[s]
Windows 7 Professional 64bit Microsoft Visual C++ 2010 0:010




















Fig. 2.5 Vehicle traveling system
Table 2.3 Specication of vehicle traveling system











































Fig. 2.7 Block diagram of wheel driving servo system
2.3.2 ????????????????????????????????
???????????????  yjoy [rad] ??????  zjoy [rad] ??????????













? (2.1)?????????????????????? Fvmax=100.7 [N]?????????
???? Tvmax=40.4 [Nm]?????????  yjoymax=30  =180 [rad] ????????
 zjoymax=45  =180 [rad] ???????????????????? Fv????????













? (2.2)???????????????L=0:802 [m] ??????????? fr?????
????? fl????????????? ir [A] ?????????????? il [A] ???














? (2.3)???????????????????????? r=0.0946 [A/Nm]??????
??????????????l=0.0911 [A/Nm]?????? rw=0.525 [m]????? (2.1)?







Fvmaxrrw=2 yjoymax Tvmaxrrw= zjoymaxL











??????????????????????  yjoy = 10 =180 [rad] ?????????
? 16.8[N]?????????????????????????????? zjoy = 10=180
[rad] ???????? 11.2 [N]?????-11.2 [N] ???????????????????
??????????????????????????????????????????















Left wheel control gain
Proportional gain(current) 536
Integral gain(current) 202
Right wheel control gain
Proportional gain(current) 445
Integral gain(current) 173
Timing belt ? pulley Reduction ratio 2/1
2.3 ??????????? 19





























































































(a) Time Series Graph of Pitch Angle of Joystick
(b) Time Series Graph of Yaw Angle of Joystick
(c) Time Series Graph of Drive Force of Wheels
Fig. 2.8 Experimental Results of Drive Forces to Joystick Operation
100.7 [N]????? 0.0 [N] ???????????????????2??????????
????????????????????????????????????














Gravity center Moving seat






(b) Illustration of Seat Positioning Mechanism
(a) Schematic of Seat Positioning System
Fig. 2.9 Seat positioning system
Table 2.5 Specication of seat positioning system
Max. travel distance[m] Max. velocity[m/s] Driving power[W]
0:090 0:097 150
2.4 ?????????????? 21




















Rack gear pitch 3.142[mm]
























Fig. 2.10 Block diagram of seat driving servo system
22 ? 2? ???????????????
Velocity Feedback 





























Fig. 2.11 Block diagram of the vehicle body's static attitude angle control by seat positioning
control system






















































(a) Time Series Graph of Seat Position
(b) Time Series Graph of Pitch Angle of Vehicle Body
Fig. 2.12 Experimental Results of Seat Positioning Control
??????????????????????????????????????????
??????????????????0:233 10 2?0.151? 0:116 10 13?????????
?? 59.25 [kg]?????????????? 2.12????? 2.12?????(a)??????


























(b) Illustration of Active Mass System Mechanism
(a) Schematic of Active Mass System
Fig. 2.13 Active mass system
Table 2.7 Specication of active mass system
Max. travel distance[m] Max. velocity[m/s] Driving power[W]
0:165 0:918 150















Fig. 2.14 Block diagram of weight driving servo system




















Rack gear pitch 3.142[mm]




























φ l [rad], d l [Nms/rad], τl [Nm]
rw[m] 
mw[kg],
θ [rad], dθ [Nms/rad],
φ r [rad], dr [Nms/rad], τr [Nm]
m1[kg]





J [kg m  ]2.w
fb[N]
Fig. 3.1 Model parameters concerned with swaying of vehicle body in case of vehicle driving
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????g m/s2?????????????????x = [ b]???????????????
u = [ fb] (3.5)
? (3.1)?(3.4)???????????????????????????????????
A1 + A2 _ + A3 sin   m2gb cos  +m2l2b =  (3.6)
m2b+m2l2  m2g sin  = fb (3.7)
3.2 ??????????? 27
????A1?A2?A3?????????







3; A2 = 2m2b









??????????????????????? 0 [A] ?????????? = 0????
???????????????????????????21??? 28?????????
?? 7????????????????????????????????????
1. ???????????????????????????????????  = 0??
????
2. ???????????????? 0 [m] ?? 0:16 [m] ??????????????
?????????????????? b =  0:16????????????? ???
????????_b = 0?b = 0? _ = 0? = 0??????????? (3.6)???????
  (m1l1 +m2l2 +m3l3) sin  = m2b cos  (3.8)
???????????????????????m3l3 = 0????? (3.8)????
???????????????????????? l1??????????????
???
l1 =  m2 (l2 sin  + b cos )
m1 sin 
(3.9)
3. ??????? 3.3(a)???????????? 0 [m] ?? 0:16 [m] ????????
????????????????? 0:16 [m] ?? 0 [m] ??????????  = 0
????????? 0 [m] ?? 0:16 [m] ?????????????? (3.8)?????
????????????? l3?????????????????
l3 =  m1l1 sin  +m2 (l2 sin  + b cos )
m3 sin 
(3.10)
4. ??????? 3.3(b)?????????????? b = 0?????????????
?????????????????? (3.6)???????????????????
28 ? 3? ????????
Moving weightMoving gravity center Swing vehicle body
(a) Experiment with moving weight
Swing vehicle bodyWeight is fixed
Input external force to seat Release external force
(b) Experiment with free oscillation
damped oscillation













+ jT1exp   T1simj+ jT2exp   T2simj+ jT3exp   T3simj
+ jA1exp   A1simj+ jA2exp   A2simj+ jA3exp   A3simj (3.11)
???????????????????? 3.4????? 3.4(a)?????? ????




T3exp?????????????? _exp = 0?????????T1sim?T2sim?T3sim?
??????????????????? _sim = 0??????A1exp?A2exp?A3exp?
????????????? _exp = 0???????????A1sim?A2sim?A3sim??
?????????????????? _sim = 0?????????????????
???????????????????????[107]?
3.3 ??????????????? 29








































































(a) Time Series Graph of Pitch Angle of Vehicle Body
Experiment Simulation















???????????????????????????? ???? 3.6?? 3.12???
???????????????????????????????????????????






















Fig. 3.5 Time series graph of weight position
30 ? 3? ????????



































Fig. 3.6 Comparison of experimental results and simulation results in case of passenger A
 
 

































Fig. 3.7 Comparison of experimental results and simulation results in case of passenger B
 

































Fig. 3.8 Comparison of experimental results and simulation results in case of passenger C
 
 






































































Fig. 3.10 Comparison of experimental results and simulation results in case of passenger E
 
 

































Fig. 3.11 Comparison of experimental results and simulation results in case of passenger F
 
 





































??????????????? 3.1???? 7??????????????????? 3.2?
??? 7?????????????????????????????? 3.3????? 3.3
???????????????????m3?????????????????????
? l3?????????? J????????? d??????????????????
?????????????????????????
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Table 3.2 Identied model parameters related to passengers
Passenger A B C D E F G
Height(standing posture) h[m] 1:600 1:650 1:678 1:720 1:760 1:760 1:860
Mass m3[kg] 77:90 50:65 64:50 60:10 80:10 102:4 77:95
Distance l3[m] 0:197 0:190 0:191 0:223 0:220 0:209 0:203
moment of inertia J[kgm
2] 16:48 14:81 16:55 13:22 13:83 15:42 16:94
Viscous damping coecient d[Nms/rad] 17:64 16:07 13:45 14:04 14:16 15:82 17:66
Table 3.3 Average and standard deviation of Identied model parameters related to passengers
Average Standard Deviation
Height(standing posture) h[m] 1:718 0:086
Mass m3[kg] 73:37 16:84
Distance l3[m] 0:205 0:013
moment of inertia J[kgm
2] 15:32 1:44

















??????????????????? 7?????? l3???m3??????? (3.13)
????? 3.13????? 3.13???????????? (3.13)?? 3.1?????????
3.4 ???????????????????????????????????? 33
























Limit Line Passenger A Passenger B Passenger C Passenger D
Passenger E Passenger F Passenger G Average Value
stable
 (l  < 0)
unstable (l  > 0)




Fig. 3.13 Passenger's gravity centers and stable condition to passenger's gravity center


























Active Mass Dampers Hybrid Mass Damper System for Buildings
Fig. 4.1 Schematics of active mass dampers (IHI Infrastructure Systems Co., Ltd.)
36 ? 4? ??????????????????????
4.1 ???????????????????????????
???????
4.1.1 ????u(b; ) = m2gb cos ?????
???????????? b???????????m2gb cos ????????????
????? u?????????????????????????????????PID?
??????????????????????????????????????????
????? bref ?????????????????? (3.7)???????????????































_b) = 2m2b_b+ d;























(y   yr)2 (4.3)
????yr??????????????z1???????????????????????
???????????????????????  = 0????????????????









_V1 = z1 _z1 = y _y (4.5)
4.1 ?????????????????????????????????? 37
???? _z1 = _y = _??????? (4.5)????????????
_V1 = z1 _z1 = y _y = y _ (4.6)
?????? _??????
_ =  c1y; (c1 > 0) (4.7)
?????? (4.6)????????????????????
_V1 =  c1y2 < 0 (4.8)
? (4.4)?? (4.8)????? V1???????????????????? _???????
????? ?????????????????????
 =  c1y (4.9)
???????????????? _????? ?????? z2??????????
z2 = _    (4.10)
? (4.2)?????????? z2????????????? V2??????????





_V2 = _V1 + z2 _z2 (4.12)
????? (4.6)?? (4.9)?? (4.10)????????????????? _V1???????
????
_V1 = y(z2 + ) = y(z2   c1y) =  c1y2 + yz2 (4.13)
????? (4.1)???????? (4.9)???????????? ???????????
??? (4.10)?????????????








u(b; ) + c1 _ (4.14)
?????? d(; b)????????????????????????????????
??? (4.1)????????????? (4.12)?? (4.13)?? (4.14)???????????
_V2????????????
_V2 =  c1y2 + yz2 + z2 _z2 =  c1y2 + z2 ( _z2 + )










u(b; ) + c1 _ + 
!
(4.15)
38 ? 4? ??????????????????????
Disturbance [Nm]
Body Pitch Angular Velocity [rad/s]
























θ ( )211)( ccbJ +− θ + θK sin
-ml b2










u(b; ) + c1 _ +  (c2 > 0) (4.16)
?????? _V2?????????
_V2 =  c1y2   c2z22 < 0 (4.17)
?????????? ? _???????? V2????????????????????




C(b; _b)  J(b)(c1 + c2)

_   J(b)(1 + c1c2) +K sin  (4.18)





f(C(b; _b)  J(b)(c1 + c2)) _   J(b)(1 + c1c2) +K sin g (4.19)

































_b) = 2m2b_b+ d;
K =  m1gl1  m2gl2  m3gl3; u(b) =  m2l2b; d() = 
?????????????????????????????? (4.20)???????? (4.9)
?????????????????????????? (4.10)?????????????











u(b) + c1 _ (4.21)
?????? d()??????????????????????????????????
? (4.20)????????????? (4.12)?? (4.13)?? (4.21)??????????? _V2
????????????
_V2 =  c1y2 + yz2 + z2 _z2 =  c1y2 + z2 ( _z2 + )




























u(b) + c1 _ +  (c2 > 0) (4.23)
?????? _V2?????????
_V2 =  c1y2   c2z22 < 0 (4.24)
?????????? ? _???????? V2????????????????????
??????????? (4.23)?? (4.9)?? (4.10)??????????????? u???
??????????
u(b) =  (J(b)(c1 + c2)  C(b; _b)) _   J(b)(1 + c1c2) +K sin   m2gb cos  (4.25)
????? (4.20)?????? u(b) =  m2l2b??????????????????? bref
??????????
bref =   1
m2l2
f( J(b)(c1 + c2)  C(b; _b)) _   J(b)(1 + c1c2) +K sin   m2gb cos g (4.26)
?????????????????????????????????????????
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Disturbance [Nm]
Body Pitch Angular Velocity [rad/s]




















( )θ ( )211)( ccbJ +− θ + θK sinl2







Fig. 4.3 Block diagram of sway suppression control system of vehicle body (u(b) =  m2l2b)
4.2 ?????????????????????
3.3??????????????????????????????m3?????????
????? l3???????? J??????? d???????????????????
????????????????????????? (4.1)???? (4.20)???? b = 0?
_b = 0?????? J(b)??? C(b; _b)?K??????????????????????
(3.11)??????????????????????B?G?F?????????????
?????????????????????? 10 [%] ?????????????????
?B???????? 4.1???? 4.4????G???????? 4.2???? 4.5????
F???????? 4.3???? 4.6????
? 4.4?? 4.6?????(a)?m3? 10[%]??????????????????????
?????(b)? l3? 10[%]???????????????????????????(c)?
Table 4.1 Comparison of variation model parameters in passenger B (change ratio: +10[%])
Variation parameter - m3 l3 J d






3 24:69 24:88 25:08 26:17 24:69
C(0; 0) = d 16:07 16:07 16:07 16:07 17:67
K =  m1gl1  m2gl2  m3gl3 199:0 189:6 189:6 199:0 199:0
Evaluation function Eq.(3.11) 0:1639 0:3389 0:3611 0:3352 0:1987
Table 4.2 Comparison of variation model parameters in passenger G (change ratio: +10[%])
Variation parameter - m3 l3 J d






3 28:20 28:52 28:87 29:89 28:20
C(0; 0) = d 17:66 17:66 17:66 17:66 19:43
K =  m1gl1  m2gl2  m3gl3 138:6 123:1 123:1 138:6 138:6
Evaluation function Eq.(3.11) 0:1908 0:8158 0:8833 0:4111 0:2340
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Table 4.3 Comparison of variation model parameters in passenger F (change ratio: +10[%])
Variation parameter - m3 l3 J d






3 27:93 28:38 28:87 29:47 27:93
C(0; 0) = d 15:82 15:82 15:82 15:82 17:41
K =  m1gl1  m2gl2  m3gl3 83:86 62:90 62:90 83:86 83:86
Evaluation function Eq.(3.11) 0:2686 2:7661 2:9139 0:5003 0:3407
J? 10[%]???????????????????????????(d)? d? 10[%]??
??????????????????????????????????????????
?????????????????? 4.1?? 4.3???????????????????
????????????????l3 > m3 > J > d???????????????l3??




??????? 3.2???? 3.3?????????l3?J??? d??????????
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(a) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is m3
(b) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is l3
(c) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is J
θ
(d) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is d
θ
Fig. 4.4 Comparison of variation model parameters in passenger B (change ratio: +10[%])
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(a) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is m3
(b) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is l3
(c) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is J
θ
(d) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is d
θ
Fig. 4.5 Comparison of variation model parameters in passenger G (change ratio: +10[%])
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(a) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is m3
(b) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is l3
(c) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is J
θ
(d) Time Series Graph of Pitch Angle of Vehicle Body, Variation Parameter is d
θ
Fig. 4.6 Comparison of variation model parameters in passenger F (change ratio: +10[%])
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(a) Comparison of experimental results and simulation results in case of passenger B
(b) Comparison of experimental results and simulation results in case of passenger G
(c) Comparison of experimental results and simulation results in case of passenger F
Fig. 4.7 Comparison of experimental results and simulation results using average parameters
l3, J, d and measured parameter m3
46 ? 4? ??????????????????????
































































































(a) Comparison of experimental results and simulation results in case of passenger B
(b) Comparison of experimental results and simulation results in case of passenger G
(c) Comparison of experimental results and simulation results in case of passenger F
Fig. 4.8 Comparison of experimental results and simulation results using average parameters






























2   1)c2  2
p
1  (1  2)c22 (4.31)
????c1??? c2????????? (4.17)?????????????????????








1  2 (c2 > 0;  < 1) (4.33)
? (4.33)?? (4.31)???????? c1??????????
c1 =
22   1p
1  2 (c1 > 0;
1p
2
<  < 1) (4.34)
48 ? 4? ??????????????????????
?????? ? 1p
2
<  < 1????????????????? (4.33)?? (4.34)?? c1?
c2?????????? = 1???? (4.29)??????????????
c1
2   2c1c2 + c22 = 4
(c1   c2)2 = 4
c1   c2 = 2









2   2c1 + 1 = (c1   1)2
!n = c1   1














???????????????????? (4.33)?? (4.34)?? c1?c2?????????
??  = 0:94????c1 = 2:931?c2 = 2:249?????????????????????
60.7[kg]??? 1.76[m]??????????????????????? 5.1????? 5.1?
??? (a)????????????(b)?????????????????????(c)?
??????????????(b)??? (c)??????????????????????
????????????????????? u(b) =  m2l2b??????????????





???????? 5.1??????? u(b) =  m2l2b?????????????????
??????????????????????????????????????? 58.5[%]?
???????????????? 51.5[%]??????????????????????
u(b; ) = m2gb cos ?????????????????????????????????
??????????????????????? 56.1[%]????????????????





u(b; ) = m2gb cos ??????????????? (4.19)??????
50 ? 5? ???????????????????????????






































































(b) Time Series Graph of Weight Position























without control with control(u = -m  l  b ) with control(u = m  gbcos   )22 2
..
θ
Fig. 5.1 Comparison of experimental results using control input  m2l2b and m2gb cos 
Table 5.1 Comparison of experimental results using control input  m2l2b and m2gb cos 
Control input u [Nm] unused  m2l2b m2gb cos 
Max. amplitude of vehicle body angle [rad] 0.301 0.176 0.169
RMS of vehicle body angle [rad] 0.165 0.085 0.076
























?? 5.4???? 5.5???? ????????????????????????????
??????????????????????????????????????????




Table 5.2 Parameters related to passengers
Passenger H I J
Height(standing posture) h[m] 1:650 1:780 1:777
Mass m3[kg] 52:90 77:85 94:40
Distance l3[m] 0:1953 0:2286 0:2310
52 ? 5? ???????????????????????????
Table 5.3 Control parameters related to sway suppression control system
Mass m1[kg] 91:30
Mass m2[kg] 26:70
Mass m3[kg] Table 5.2 Measured Value
Distance l1[m]  0:220
Distance l2[m]  0:370
Distance l3[m] 0:2047 (Table 3.2 Average Value)
moment of inertia J[kgm
2] 15:32 (Table 3.2 Average Value)
Viscous Damping Coecient d[Nms/rad] 15:55 (Table 3.2 Average Value)
Control Parameter c1 2:578
Control Parameter c2 3:203
Table 5.4 Experimental results in case of wheel stopping
Sway suppression control unused
Control parameter m3[kg] -
Passenger H I J
Max. amplitude of vehiclebody angle [rad] 0.273 0.337 0.614
RMS of vehicle body angle [rad] 0.190 0.236 0.422
Sway suppression control used
Control parameter m3[kg] Table 5.2 Measured value
Passenger H I J
Max. amplitude of vehicle body angle [rad] 0.142 0.159 0.164
RMS of vehicle body angle [rad] 0.100 0.112 0.114
Sway suppression control used
Control parameter m3[kg] 73.37 (Table 3.2 Average value)
Passenger H I J
Max. amplitude of vehicle body angle [rad] 0.154 0.165 0.190
RMS of vehicle body angle [rad] 0.101 0.116 0.133
????????????????????????????? 5.5???????????
??????????????????????? 33:3 %????????????????






(a) Time Series Graph of Reference of Translational Force



































(b) Time Series Graph of Weight Position
Time[s]
Passenger H Passenger I Passenger J






















(c) Time Series Graph of Pitch Angle of Vehicle Body

























Fig. 5.2 Experimental results of swaying vehicle body without sway suppression control in case
of wheel stopping
54 ? 5? ???????????????????????????
(a) Time Series Graph of Reference of Translational Force



































(b) Time Series Graph of Weight Position
Time[s]
Passenger H Passenger I Passenger J















































(c) Time Series Graph of Pitch Angle of Vehicle Body
Fig. 5.3 Experimental results of swaying vehicle body with sway suppression control by applying
measured value of passenger mass to control parameter m3 in case of wheel stopping
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(a) Time Series Graph of Reference of Translational Force



































(b) Time Series Graph of Weight Position
Time[s]
Passenger H Passenger I Passenger J















































(c) Time Series Graph of Pitch Angle of Vehicle Body
Fig. 5.4 Experimental results of swaying vehicle body with sway suppression control by applying
average value of passenger mass to control parameter m3 in case of wheel stopping
56 ? 5? ???????????????????????????
Table 5.5 Average and standard deviation of experimental results Table 5.4 in case of wheel
stopping
Sway suppression control unused
Control parameter m3[kg] -
Value Average Standard deviate
Max. amplitude of vehicle body angle [rad] 0.408 0.181
RMS of vehicle body angle [rad] 0.283 0.123
Sway suppression control used
Control parameter m3[kg] Table 5.2 Measured value
Value Average Standard deviate
Max. amplitude of vehicle body angle [rad] 0.155 0.012
RMS of vehicle body angle [rad] 0.109 0.008
Sway suppression control used
Control parameter m3[kg] 73.37 (Table 3.2 Average value)
Value Average Standard deviate
Max. amplitude of vehicle body angle [rad] 0.170 0.018




?????????????????????????? 5.7????? 5.5?? 5.7?????
(a)??? (b)?(c)????? 5.2?? 5.4???????(d)????????????? 5.2
?? 5.4??????????????????????????????????????
?????????? 5.6???? 5.7???? ????????????????????
??????????????????????????????????????????





? 5.7?????????????????????????????????? 58:3 %??





Table 5.6 Experimental results in case of wheel driving
Sway suppression control unused
Control parameter m3[kg] -
Passenger H I J
Max. amplitude of vehicle body angle [rad] 0.243 0.376 0.621
RMS of vehicle body angle [rad] 0.086 0.097 0.180
Sway suppression control used
Control parameter m3[kg] Table 5.2 Measured value
Passenger H I J
Max. amplitude of vehicle body angle [rad] 0.124 0.122 0.140
RMS of vehicle body angle [rad] 0.039 0.038 0.045
Sway suppression control used
Control parameter m3[kg] 73.37 (Table 3.2 Average value)
Passenger H I J
Max. amplitude of vehicle body angle [rad] 0.107 0.124 0.154
RMS of vehicle body angle [rad] 0.034 0.043 0.053
Table 5.7 Average and standard deviation of experimental results Table 5.4 in case of wheel
driving
Sway suppression control unused
Control parameter m3[kg] -
Value Average Standard deviate
Max. amplitude of vehicle body angle [rad] 0.413 0.192
RMS of vehicle body angle [rad] 0.121 0.051
Sway suppression control used
Control parameter m3[kg] Table 5.2 Measured value
Value Average Standard deviate
Max. amplitude of vehicle body angle [rad] 0.129 0.010
RMS of vehicle body angle [rad] 0.041 0.004
Sway suppression control used
Control parameter m3[kg] 73.37 (Table 3.2 Average value)
Value Average Standard deviate
Max. amplitude of vehicle body angle [rad] 0.128 0.024
RMS of vehicle body angle [rad] 0.043 0.010
58 ? 5? ???????????????????????????
(a) Time Series Graph of Reference of Translational Force



































(b) Time Series Graph of Weight Position
Time[s]
Passenger H Passenger I Passenger J






















(c) Time Series Graph of Pitch Angle of Vehicle Body

























Passenger H Passenger I Passenger J
Time[s]
























Fig. 5.5 Experimental results of swaying vehicle body without sway suppression control in case
of wheel driving
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(a) Time Series Graph of Reference of Translational Force



































(b) Time Series Graph of Weight Position
Time[s]
Passenger H Passenger I Passenger J















































(c) Time Series Graph of Pitch Angle of Vehicle Body
Passenger H Passenger I Passenger J
Time[s]
























Fig. 5.6 Experimental results of swaying vehicle body with sway suppression control by applying
measured value of passenger mass to control parameter m3 in case of wheel driving
60 ? 5? ???????????????????????????
(a) Time Series Graph of Reference of Translational Force



































(b) Time Series Graph of Weight Position
Time[s]
Passenger H Passenger I Passenger J















































(c) Time Series Graph of Pitch Angle of Vehicle Body
Passenger H Passenger I Passenger J
Time[s]
























Fig. 5.7 Experimental results of swaying vehicle body with sway suppression control by applying




















J  + C _ +K =  (6.2)
????J?C?K?????????































????????????????????????? 1.760 [m]??? 61.45 [kg] ????K






????????? 6.1?????????? 6.1???? (a)??????????????
Table 6.1 Linearized model parameters related to passenger K
Mass m3[kg] 61:45
Distance l3[m] 0:169
moment of inertia J[kgm
2] 14:77
moment of inertia J [kgm2] 23:06
Viscous damping coecient C[Nms/rad] 24:05
Spring constant K[Nm/rad] 153:8



















































































(c) Time Series Graph of Pitch Angle of Vehicle Body
Fig. 6.1 Experimental results of resonance of vehicle body swaying in case of wheel stopping
6.1 ???????????? 63
(b)?????????????????????(c)???????????????? 6.1





??????????????????? 6.2?????????? 6.2???? (a)????
??????????(b)?????????????????????(c)?????????
(d)????????????? 6.2????????????????? 7:918 sin!0t [Nm] ?
?????????????????????????????????????????
?????????????????????????????????????????





































































































(d) Time Series Graph of Travel Distance of Vehicle
Fig. 6.2 Experimental results of resonance of vehicle body swaying in case of wheel driving
64 ? 6? ????????????????
??????????????????????????????????????????
?? 6.3?????????????????? 6.4???????????????????




???????5:275 sin!0t [Nm] ????????????????????? 18:4 =180
[rad] ?????????????????????7:918 sin!0t [Nm] ???????????
?????????? 13:5  =180 [rad] ???????????????????????
Table 6.2 Experimental results of resonance of vehicle body swaying
Vehicle traveling disable enable
Wheel torque [Nm] 5:275 sin!0t 7:918 sin!0t
Sway suppression control unused used unused used
Max. amplitude of vehicle body angle [rad] 0.322 0.023 0.236 0.021
RMS of vehicle body angle [rad] 0.161 0.014 0.132 0.011












































































(c) Time Series Graph of Pitch Angle of Vehicle Body
Fig. 6.3 Experimental results of resonance of vehicle body swaying using sway suppression
control in case of wheel stopping
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(d) Time Series Graph of Travel Distance of Vehicle
Fig. 6.4 Experimental results of resonance of vehicle body swaying using sway suppression






[rad] ???????????????????? 7.1 [%] ????????????????
???????7:918 sin!0t [Nm] ????????????????????? 1:2  =180
[rad] ???????????????????? 8.9 [%] ???????
?????????????????????????????????????????
????????????????????????????????????









??? T12 [s] ?????? 1????????????? 6.1??????? !0??????




































































































A0; k = e
  p











!0?????? ??????????????? 3??????? 3.1???? 3.2????
??????????A?G??????????????? 6.3????? (6.6)?????
???m3??????????????? l3???????? J ????????????

















































































Fig. 6.6 Comparison of experimental results using preshaping method in case of wheel stopping
68 ? 6? ????????????????
Table 6.3 Linearized model parameters related to passengers
Passenger A B C D E F G
Mass m3[kg] 77:90 50:65 64:50 60:10 80:10 102:4 77:95
Distance l3[m] 0:197 0:190 0:191 0:223 0:220 0:209 0:203
moment of inertia J[kgm
2] 16:48 14:81 16:55 13:22 13:83 15:42 16:94
moment of inertia J [kgm2] 27:55 24:69 26:97 24:27 25:76 27:93 28:20
Viscous damping coecient C[Nms/rad] 17:64 16:07 13:45 14:04 14:16 15:82 17:66
Spring constant K[Nm/rad] 143:1 199:0 172:6 161:8 120:8 83:86 138:6
Resonance angular frequency !0[rad/s] 2:279 2:839 2:530 2:582 2:166 1:733 2:217
Damping ratio [rad 
1
2 ] 0:141 0:115 0:099 0:112 0:127 0:164 0:141
Quality factor Q[rad
1

















Table 6.4 Comparison of experimental results using preshaping method and active mass system
in case of wheel stopping
Sway suppression control unused preshaping active mass
Max. amplitude of vehicle body angle [rad] 0.306 0.206 0.121
RMS of vehicle body angle [rad] 0.120 0.077 0.044
6.3 ?????????????????????????? 69













































































(c) Time Series Graph of Pitch Angle of Vehicle Body
with preshapingwithout control with active mass system
with preshapingwithout control with active mass system
with preshapingwithout control with active mass system
Fig. 6.7 Comparison of experimental results using preshaping method and active mass system
in case of wheel stopping
????????????????? s???????????????? 11:8 =180 [rad]
????????????????????????? 32.7 [%] ?????????????
????????????????????????????????????? 6:9=180




















??? 7.1????? 7.1??????? 7.2???? Lucia???????????????
????????????????????????????????Lucia???????
Fig. 7.1 Overview of Lucia
Table 7.1 Specication of Lucia
Total Weight[kg] Size[m]
15:227 W0:34D0:25 H0:35
72 ? 7? ???????????????????????????????
(a) overhead view (b) bottom view














?????????? fr?????????? fl????????????? ir [A] ???






















Fig. 7.3 Block diagram of Lucia's wheel driving servo system
7.1 Lucia????????? 73















Left wheel control gain
Proportional gain(current) 690
Integral gain(current) 226
Right wheel control gain
Proportional gain(current) 409
Integral gain(current) 281
Timing belt ? pulley Reduction ratio 1/1
? (7.1)???????????????????????? r=1.572 [A/Nm]??????




















Fig. 7.4 Block diagram of Lucia's weight driving servo system
74 ? 7? ???????????????????????????????

















Control gain Proportional gain(position) 155
Integral gain(position) 857
Dierential gain(position) 172
Rack gear pitch 2.5[mm]








































[kg m ]J 2 θ
[m]rw





























????g m/s2?????????????????x = [ b]???????????????
u = [ fb] (7.6)
? (7.2)?(7.5)???????????????????????????????????
A1 + A2 _ + A3 sin   m2gb cos  +m2l2b =  (7.7)
m2b+m2l2  m2g sin  = fb (7.8)
????A1?A2?A3?????????















?????????????????????? 0 [A] ?????????? = 0?????
????????????????
1. ????? 0 [m]?? 0:05 [m]???????????????????????????
????? b = 0:05????????????? ???????????_b = 0?b = 0?
_ = 0? = 0??????????? (7.7)???????
  (m1l1 +m2l2) sin  = m2b cos  (7.9)
??????? (7.9)???????????????????????????? l1?
????????????????
l1 =  m2 (l2 sin  + b cos )
m1 sin 
(7.10)
2. ? 7.6???????????? 0 [m] ?? 0:015 [m] ???????????????
?????????? 0:015 [m] ?? 0 [m] ??????????  = 0????????
????????????????? 0 [m] ?? 0:015 [m] ????????????
????????????? 0:015 [m] ?? 0 [m] ??????????  = 0????
???????? (7.7)?????????????????????????? J??















Moving weightMoving gravity center Swing vehicle body
Fig. 7.6 Experimental method for parameter identication of model
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moment of inertia J[kgm
2] 0:122
Viscous damping coecient d[Nms/rad] 0:256
















































(a) Time Series Graph of Weight Position (b) Time Series Graph of attitude angle
simulation result experimental result












???? l3? 0????????????????????????????? bref ??4.1.1
???????? (4.19)?? 7.4??????????????m3 = 0?l3 = 0??????
????? c1??? c2??????????????????? (4.33)?? (4.34)?? c1?c2
???????????  = 0:97????c1 = 4:113?c2 = 3:627????????????
????






































































(b) Time Series Graph of Weight Position
without control with active mass system





















(c) Time Series Graph of Pitch Angle of Vehicle Body

























































































(a) Time Series Graph of Reference of Driving Torque of Vehicle
(b) Time Series Graph of Weight Position
(c) Time Series Graph of Pitch Angle of Vehicle Body
without control with active mass system
without control with active mass system
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(a) Illustration of Lucia (b) Overview of Lucia
Fig. A.1 Proposed Mobile Audio-Visual Media, Lucia
Fig. A.2 Control system of Lucia
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(a) overhead view (b) bottom view
Fig. A.3 Illustration of Lucia's mechanism
A.4 ?????????? 103
(a) Attitude of projection to the road surface (b) Attitude of projection to the wall surface
















Fig. A.5 Block diagram of attitude control system of vehicle body
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reference angle actual angle
Time[s]
(a) Time Series Graph of Weight Position (b) Time Series Graph of attitude angle

























(b) Interaction between light arm and 
      human activity
(a) Illustration of interaction system












































(a) Active state (b) Fatigued state (c) Dormant state
















(a) Overview of persona interface (b) Overview of eyeball unit 
Fig. A.9 Persona interface
Fig. A.10 Chair with persona interface
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